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Block 20 continued ~ Abstract

] ~ As an example of a mechanism for producing such light, we have begun studying

a Franck~Hertz apparatus excited by a space-charge-limited electron beam. We
] have carried out extensive theoretical calculations of the properties of such

} % a source of light and demonstrated that under suitable conditions it can

P indeed lead to antibunched and sub-Poisson photon emissions. We have also

proved a quantum analog of the Burgess variance theorem. This confirmed that

i the sub-Poisson nature of a 1light beam is conserved in the presence of
‘ absorptive media and additive (Poisson) background light. Thus the sub—
Poisson light can be used in a real detection system once it is generated. /~¥

The performance of orthogonal and nonorthogonal modulation formats has
F been compared for fiber-optic communications with avalanche photodiode
) detectors. Shot noise was found to play an important role in determining the
reduction in the minimum detectable energy using orthogonal modulation. In
the ideal quantum limit, the detection threshold is equal to ome photon, and

the performance of orthogonal and nonorthogonal modulation is the same. In a

thermal noise dominated system, orthogonal modulation provides a 1.5 dB
decrease in minimum detectable energy, compared to nonorthogonal modulation.
' For a practical shot noise dominated system, orthogonal modulation shows a 6
| dB improvement. A series of experiments was carried out comparing orthogonal
modulation (e.g., frequency shift keying or FSK, pulse position modulation) to
nonorthogonal modulation (e.g., amplitude shift keying), and the effects of
crosstalk and suboptimal threshold were studied. Approximately 4dB
improvemenf was observed using FSK in a 100 Mbit/sec fiber system.

' A design for an ultra-small metal-oxide~semiconductor field effect

transistor (MOSFET) is presented. MOSFETs with one~quarter micrometer and

PN
-

sub-quarter micrometer channel lengths that operate with controlled
punchthrough current are analyzed by two~dimensional numerical modeling.
s=d Current-voltage characteristics for subthreshold, nonsaturated and saturated
regions of operation were obtained at various temperatures for devices of
[ different channel length. The results clearly indicate that device current is
due to barrier-limited, space-charge-limited and surface-~inversion conduction

processes.
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Block 20 continued =~ Abstract

A model has been developed to characterize the photovoltaic properties of
a thin~film polycrystalline semiconductor device with a metal-insulator-
semiconductor (MIS) structure and an accumulated back contact which forms a
back surface field. Semiconductor doping density, thickness, grain size, and
grain boundary trap density are the parameters used to characterize the
semiconductor. Collection velocity, diode ideality factor, effective junction
barrier height, and light transmittance are the parameters used to
characterize the MIS interfacial region. The three~dimensional grain size and
grain boundary problem is simplified by transforming it to an equivalent
one-dimensional single—level bulk trap problem. The majority-carrier density
and the built-in potential are assumed to be affected by light intensity,
doping and trap densities. The effects of deep~level grain boundary traps and
of surface passivation on the short-circuit current, open~circuit voltage,
£111 factor, collection and conversion efficiencies of these devices are
calculated based on the potential distribution in the thin-film semiconductor.
Recombination current and series and shunt resistance are not included and the
superposition principle is not used in the calculation. Sample calculations
are included for the specific case of electrodeposited n-type CdTe MIS
devices. Methods to improve the conversion efficiency and the application of

modeling are discussed.

A theory has been proposed to quantify the collection efficiency of a
thin-film metal-insulator-semiconductor (MIS) device with back-surface field.
The model incorporates two loss mechanisms: first, the image force effect
producing an electron potential maximum located at x  near the surface within
which all photogenerated electrons as well as holes are collected and thus do
not contribute to the photocurrent; and second, the collection of the majority
carriers, photogenerated in the depletion region, which diffuse against the
electric field to X and, thus, reduce the photocurrent. In addition to being
affected by doping density, majority carrier mobility, minority carrier
diffusion length, and effective surface collection velocity, the collection
efficiency is shown to be thickness dependent when the semiconductor is fully
depleted. Calculations are included for the specific case of electrodeposited
n~type CdTe MIS devices. Methods to improve the collection efficiency

114
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Block 20 continued - Abstract

include: designing a high-low doping profile, reducing the surface collection
velocity, and optimizing the thickness and doping for the semiconductor.

We have developed a thermal nitridation process which is used to produce
nitroxide films ranging between 15 and 50 % in thickness. Fabricated
MIS-Schottky barrier diodes, with varying turn-on voltages, show an

improvement in breakdown voltage.

We have fabricated a new type of metal-semiconductor thin-film diode with
an I-V characteristic similar to that of a p-n junction. Its forward-bias
current is dominated by majority carrier tunneling, and its reverse breakdown
voltage is over 50 V. The fabrication process, the I-V curves and the Auger

depth profile of the interfacial layer are presented. ﬁ

UV radiation from an ArF lagser has been used to perform large-area, rapid
etching of single~crystal GaAs. The process is based on the photochemical
production of reactive radicals from methyl bromide, trifluoromethyl bromide
or hydrogen bromide. The etching is crystallographically selective, rapid
(>8 um/min) and produces features below 1 um.

The basic physics of laser-surface interactions have been explored. This
research provides the first clear understanding of the photodissociation of
metal-alkyl molecules, the first observation of surface enhanced
photochemistry with coherent metal arrays, and the firgt observation of

{ UV-enhanced semiconductor etching at liquid solid interfaces.

Submicrometer optical gratings have been produced in GaAs surfaces by a

visible-laser~enhanced, wet-etching process which permits the fabrication of
{ different gratings profiles. The etch process was investigated by in situ
{ optical measurements of the diffracted beams and electron microscopy. 1In
addition, we report the first use of deep-ultraviolet light for grating

fabrication.
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Block 20 continued - Abstract

Laser-enhanced etching of Si in a CF“/O2 plasma is described. Both p-
and n-type Si were investigated for different dopant concentrations at laser
intensities from 0-2 Watts. Etch-rate enhancement due to both thermal and
nonthermal effects was observed and is discussed.

Directly written patterns of_T102/310 on glass cover slides were

produced to demonstrate the ability to dirzccly write a waveguiding material
(n = 1.9) on silicon dioxide (n = 1.45). The technique used, a localized
laser heating of an organosilicate, is to be published in the Journal of
Vacuum Science and Technology B. To demonstrate waveguiding for electro-
optical structures on silicon substrates, a thick (~ 1 um) silicon dioxide
layer is needed to prevent coupling of the evanescent wave to the underlying

substrate.

The clean room, a new facility of our Microelectronics Laboratory, was
tested and put into functional operation during the last year. This facility
provides the controllable environment which 1s necessary in microelectronic
processing. A number of different electro-optical devices have been
fabricated using this facility.

We have used a supersonic gas expansion coupled with a simple discharge
source (capillaritron) to produce beams of translationally cold, metastable OH
radicals. All neutrals produced by this source are found to have a narrow
translational energy distribution but ions, having an average energy of about

25 eV, are produced with an energy width of 2-5 eV.

The vibrational energy distribution of CH
laser photolysis of Cd(cus)2 and Zn(CH3)2, 2
out of plane bending vibrational mode and the Vg C-H stretch mode of CH3 are

3 radicals, produced by excimer

has been determined. Both the v

created with substantial vibrational excitation as a result of
photofragmentation. The ratio of the number of bend to stretch quanta

produced by photodissociation decreases as the photolysis wavelength is varied
from 193 nm to 248 nm.
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Block 20 continued - Abstract

A new, extraordinarily powerful diode laser probe technique has been used

to study the vibrational excitation of CO, molecules produced by ccllisions

with hyperthermal hydrogen atoms having aztranslational energy of
approximately 2 eV. These hot atoms are made by excimer laser photolysis of
HBr, HZS’ and HI. Hot atom/CO2 collisions produce an excess o{ CO2 vy
vibrational excitation compared to Vg stretching excitation. Almost no pure

antisymmetric stretching vibration (0001 level) is produced during collisions,

bending

although significant amounts of bend/stretch combination vibrational states
are excited during such collisions.
The collisional ecergy transfer rates which couple the 1000, 022

and 0110 "lower laser levels” in CO

o, 0200
2 have been determined in pure CO2 for the
first time. The new diode laser probe technique has been used to determine

these rates. The 0220 level was found to be most strongly coupled to 0200 and

1000. The doorway state which couples the overtone levels 1000, 0220, and
0200 to the bending fundamental 0110 was found to be 0220.
Our new diode laser technique has been used to probe the CO, vibrational

2
states produced as a result of the excimer laser photodissociation of pyruvic

acid (CH3COCOOH) vapor. Approximately 3% of the CO2 molecules are found in
5 00°1
antisymmetric stretching state. This vibrational state distribution follows

the Vos 0110 bending state and less than 0.1% are found in the v

that expected from the geometry changes undergone by the CO2 fragment which
rearranges from a non-linear configuration in pyruvic acid to a linear

configuration in CO2 .

We have obtained a preliminary distribution for the rotational states of
OH radical produced when high energy hydrogen atoms react with Nzo. Laser
induced UV fluorescence was used to detect the OH and excimer laser photolysis
of st was employed to make hot hydrogen atoms. Some of the OH observed in
these reactions comes from reaction between 1D oxygen atoms and st molecules
since the excimer laser slightly dissociates Nzo giving N2 and O.

vi
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Block 20 continued - Abstract

We have observed clusters of SF6 molecules in a supersonic molecular beam

expansion. The clusters, which cannot be detected mass spectrometrically,

were observed by exciting the beam with a CO2 laser and measuring the loss of

molecules from the beam with a low temperature germanium bolometer.

Clustering is observed to set in at a nozzle backing pressure of 150 Torr.
& The CO2 laser absorption of the clusters is red shifted from that of SF6 #
monomer. Similar clustering was observed for C4F8 expansions at low backing

pressures (less than 150 Torr), but for CO,, clusters could only be detected

2
at pressures above one atomosphere.

We have established from our picosecond laser studies that the solvent
environment has a large effect on the intramolecular dynamics of excited
singlet to ground triplet transformation in the chemical intermediate f
diphenylcarbene, C6H5-E-C6HS. We have carried out the first studies of the {
photochemistry of a carbene, i.e. the excited state properties of this

reactive and short-lived species.

We have successfully extended our studies of twisted internal charge
transfer phenomena, an important mechanism of energy decay and structural

| change for excited molecules in condensed media. In the aprotic nitrile 1

solvents we have found that the rate of formation of the twisted molecular e
form depends exponentially on the solvent polarity as measured by an empirical
solvent parameter. Solvent viscosity in the neat nitriles is not a factor

indicating that the structural change does not involve a significant change in

] volume or shape which would experience a frictional resistance. 3

The photofragmentation of two isomeric precursors of singlet oxygen was

found to follow different kinetics and wavelength dependence. These results
indicate that the photodissociation is a state selective process dependent on

a the structural differences between the two isomeric precursors studied.

r e STy -

Unexpected satellite photon echoes have been observed on the 3P - 35

0 4 |
transition in LaF3:Pr3+, a potential solid-state laser system. We have also

0~ 3“6 excited state transition

observed a four-wave mixing signal on the 3P

vii
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Block 20 continued - Abstract

in LaF3:Pr3+ as a preliminary to a tri-level echo experiment coupling the 3H4,

3 3
P0 and H6 levels.

Two-pulse angled-beam photon echoes have been generated on the 328

1/2 =
32P3/2 transition of atomic sodium. Echo intensity was measured as a function
of the time separation between the first excitation pulse and the acho signal
over a dynamic range exceeding 1011. This allowed us to observe signals from

sodium atoms that had been in their excited state for more than 23 lifetimes.

We have also generated photon echoes using incoherent (thermal)
excitations on the 3281/2 = 32P3/2 transition of atomic sodium. These echoes
were generally the same size as, and displayed the same modulation with pulse
separation as, those generated using coherent laser excitations. An
instantaneous four-wave-mixed signal was generated using an incoherent source
(giving 7-nsec-long pulses) on the same sodium transition. This signal showed
a fast turn on time on the order of 100 psec suggesting that echo experiments
using incoherent excitations can be performed with a time resolution on this

order.

In another experiment, measurements of the collisional broadening
crogs sections for the 25-nS and 2S-nD superposition states of lithium with
He, Ne, Ar, Kr, and Xe have been completed. An anomoly has been observed in

the Li-Ne cross sections which we are continuing to investigate.

viii
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I. QUANTUM DETECTION AND SENSING OF RADIATION
A. NOISE IN THE GENERATION, PARTITION, AND DETECTION OF LIGHT*
(M. Teich, P. Prucnal, B. Saleh, D. Stoler, K. Matsuo)

(JSEP work unit 1, 1982-~1985)
(Principal Investigator: M. C. Teich (212) 280-3117)

We have recently explored the generation of quiet light and the low-noise

multiplication of carriers in avalanche photodiodes (APDs). Our earlier

(1)
(2)

permitted us to understand the origins of noise in the generation of

3)

work

light and in the avalanche process. We present our progress below.

A. Progress in the Generation of Low-noise Light

We have shown theoretically that it is possible to produce light less

noisy than the LED or laser by regulating the atomic excitations rather than
(4)

the atoms themselves., In particular, when atoms are excited by electroms,

e s

Coulomb repulsion is useful in regulating the electrons by means of
space-charge effects.

More specifically, for light generated by a two-step process of
excitation and emission, there are two key effects that regulate its :
antibunching and sub-Poisson possibilities: (1) the statistical properties of
the excitations themselves; and (ii) the statistical properties of the

(s)

individual emission. This is most simply illustrated in terms of the ]
schematic representation provided in Fig. 1. In Fig. 1(a), we show an

excitation process that is Poisson. Consider each excitation as generating

photons independently. Now if each excitation instantaneously produces a
single photon, and 1f we ignore the effects of interference, the outcome is a
Poisson stream of photons, which is neither antibunched nor, obviously,
sub~Poisson. This is the least random situation that we could hope to

produce, given the Poisson excitation statistics, Interference will




POISSON EXCITATIONS

R

2l

POISSON

SINGLE-PHOTON EMISSIONS

rttte it bl el

Il

POISSON

POISSON PHOTON EMISSIONS

TN T

[l

BUNCHED
SUPER-PO1SSON

NEYMAN TYPE-A

SUB-POISSON EXCITATIONS

el

ANT 1 BUNCHED
SUB-POISSON

SINGLE-PHOTON EMISSIONS

(v I AAL

(cAamma-2)

ANT | BUNCHED
SUB-POISSON

POJSSON PHOTON EMJSSIONS

[ -

11

(cAaMa-~2)

BUNCHED
SUPER-POISSON

(GAMMA-POISSON)

PULSE-TRAIN EXCITATIONS

1

ANT |BUNCHED
SUB-POISSON

SINGLE~PHOTON EMISSIONS

(DELTA FUNCTION)

ANT I BUNCHED
SUB-POISSON

(c)
POISSON PHOTON EMISSIONS

.

L ]

(DELTA FUNCTION)

POISSON

Figure 1.

excitations.

T S AT

Schematic representation of a two-step process for the generation ]
of light, illustrating stochastic excitations (first line) with :
either instantaneous single-photon emissions (second line) or
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redistribute the photon occurrences, leading us to the results for chaotic
light (which is both bunched and Super-Poisson).(z) On the other hand, the
individual nonstationary emissions may consist of multiple photons or random
numbers of photons. In this case, we encounter two sources of randomness: one
agsociated with the excitations and another associated with the emissions, so
that the outcome will be both bunched and super-Poisson. In particular, if
the emissions are aléo described by Poisson statistics, and the counting time
is sufficiently long, we recover the Neyman Type-A counting distribution, as

(6)-(8)

we have disucssed in detail elsewhere. Even if the individual

emissions are comprised of deterministic numbers of photons, the end result is

the fixed-multiplicative Poisson distribution,(6)

which is super-Poisson.
Related results have been obtained when interference 1is permitted.(z) It is
quite clear, therefore, that if the excitations themselves are Poisson (or
super-Poisson), there is little hope of generating antibunched or sub-Poisson
light by such a two-step process.

In Fig. 1(b) we consider a situation in which the excitations are more
regular than those for the Poisson. For the purposes of illustration and
concreteness, We choose the excitation process to be produced by deleting
every other event of a Poisson pulse train. The outcome is the gamma-2 (or
Erlang-2) renewal process, whose analytical properties are well understood.(g)
Single-photon emissions, in the absence of interference, result in
antibunched, sub-Poisson photon statistics. Pois;on emissions, on the other
hand, result in super-~Poisson light statistics. Of course, the presence of
interference introduces additional bunching. Clearly, a broad variety of
excitation processes can be invoked for generating many different kinds of

light. A process that is similar to the gamma-2, and for which many

analytical results are avallable, is the nonparalyzable dead-time-modified

bt
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(9),(10)

Poisson process. Resonance fluorescence radiation from a single atom
will be described by a process of this type since, after emitting a single
photon, the atom decays to the ground state where it cannot radiate. However,

the superposition of light from a number of such atoms will wash out the

sub-Poisson behavior of the individual emissions.
Finally, in Fig. 1(c), we consider the case of pulse-train excitations

(with random phase). This 1s the limiting result for both the gamma family of

processes and for the dead-time-modified Poisson process. In the absence of

f interference, single-photon emissions in this case yield antibunched, ideally
sub~Poisson photon statistics. Interference causes the antibunching to
disappear, but the sub-Poisson nature remains in the long counting-time limit.
Poisson emissions give rise to Poisson photon statistics.

The illustration in Fig. 1 is intended to emphasize the importance of the
excitation statistics as a determinant of the character of the generated
light. To produce antibunched and/or sub-Poisson photons, we have shown that
both sub~Poisson excitations and sub-Poisson emissions are required.(s) The
production of sub-Poisson light by means of the nonlinear optical processes,

| ‘ as suggested by many researchers, has been difficult because they all involve
a struggle, in one way or another, to reduce the Poisson fluctuations of the
exciting optical beam (which is usually derived from a laser).
This discussion provides the rationale underlying our recent
suggestion(a) for producing antibunched and sub-Poisson light using the
Franck-Hertz effect. Space charge 18 used to produce sub~Poisson electron
excitations. Since the individual emissions are single photons, the generated
3 light can be antibunched and sub-Poisson (see Fig. 2 for schematic

representation)., This light can be strong if interference effects are

i minimized.
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Of course, once such light is produced by whatever means, there are
obstacles to maintaining its character. These include optical absorption
(random deletion), and the addition of spontaneous emission, both of which

dilute (but fortunately do not destroy) the antibunching and sub-Poisson
(11),(12)

(12)

properties of the light. This has been shown to be a quantum
mechanically valid result.
We have determined the effect of primary excitation statistics on the

(5)

coherence and photon statistics of light. We have accounted for the
eéfects of temporal and spatial interference. Our results will have
application in understanding the mechanisms associated with the generation of
non-classical light., Other areas in which our model may be useful are the

production of light from a random number of radiators, and in understanding

non-Gaussian scattered light.

B. Progress in the Analysis of Low-Noise APDs

In the course of studying the noise in APDs, we examined a special
generalized branching process in which the multiplication of each event is
Poisson and a random time delay is introduced at every stage. The first model

(6)-(8)

that we analyzed is the two-stage cascaded Poisson, in which each event
of a primary Poisson point process produces a virtual inhomogeneous rate
function which, in turn, generates a secondary Poisson éoint process. These
secondary point processes are superimposed to form the final point process.

In that model, primary events themselves are excluded from the final point
process. The description turns out to be that of a doubly stochastic Poisson

point process (DSPP), which we refer to as the shot-noise~driven process

(SNDP).(7) The SNDP is also a special case of the Neyman-Scott cluster

process. Because of the great body of theoretical results available for the
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DSPP, our calculations for the statistical properties of the process turned
out to be relatively straightforward. In another version of this two-stage

(13)

model, primary events are carried forward to the final process.

(14)

The second system which we analyzed is an m~stage cascade of Poisson
processes buffered by linear filters. Each filtered point process forms the
input to the following stage, acting as a rate for a DSPP. This is equivalent
to a cascaded SNDP. We obtained the counting and time statistics, as well as
the autocovariance function. The results of that study are likely to find use
in problems where a series of multiplicative effects occur. Examples are the
behavior of photon and charged-particle detectors, the production of cosmic
rays, and the transfer of neural information.

More recently (and directly pertinent to APD noise), we considered(3)'a
cascade model in which primary events are carried forward together with
secondary events, to form the point process at the input to each successive
stage. Since the primary and secondary events comprising the union process at

(13)

the solution is somewhat more difficult

(14)

each stage are not independent,
than for the cascaded Poisson case considered previously. The initial
point process is assumed to be a homogeneous Poisson process (HPP). The final
process is itself homogeneous (stationary). This treatment allows us to model
a wide variety of physical phenomena in which particles produce more
particles, and so on, with the original particles remaining. Our process may
also be regarded as a special generalized branching process, in which each
event of the HPP produces an age-dependent point process. However, our
interest is in the union of the branching point processes rather than in the
statistics of the number of events at a certain time (or place), which is the

customary quantity of interest in age-~dependent branching processes.

Branching processes with properties such as age-dependence, random walk,
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and diffusion have been studied extensively from a general theoretical point

(15)

of view. Few of the statistical properties are obtained in a form
amenable to numerical solution, however. We examined a relatively simple
process that describes branching with time delay. Thanks to the simplicity
offered by the Poisson assumption, we can obtain explicit formulas for useful
statistical properties that may be experimentally measured. Examples are the
counting distribution, moments, and power spectral density.

This early work on APD multiplication statistics has permitted us to

understand some-of the origins of APD noise.

*This research was also supported by the National Science Foundation under
Grant NSF ECS-82-19636.
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B. FREQUENCY-SHIFT-KEY MODULATION FOR FIBER-OPTIC COMMUNICATIONS
(P. Prucnal, M. Teich)
(JSEP work unit 1, 1982-1985)
(Principal Investigator: M. C. Teich (212) 280-3117)

The performance of orthogonal and nonorthogonal modulation formats was

compared for fiber-optic communications with avalanche photodiode detectors.

Shot noise was found to play an important role in determining the reduction in
minimum detectable energy (6 dB) using orthogonal modulation. These results
were extended to power-law signal dependent noise. A series of experiments
was carried out comparing orthogonal (e.g., frequency-shift-keying, pulse
position modulation) to nonorthogonal modulation (amplitude shift keying), and
the effects of crosstalk and suboptimal threshold were studied.
1. Minimum Detectable Energy for Power-Law Noise

The quantity n is observed at a detector output. The variance of n is
assumed to be the sum of a power-law signal dependence noise component plus
thermal noise:

var n = F<n>2P + 72702, )
Here Z 1s the detector noise figure. For the case of an avalanche
photodetector, p 1s 1/2, F is the excess noise factor, and M 1s the average
avalanche gain. The minimum detectable energy for orthogonal modulation and

symmetric channels is specified by the solution to the equation

d? - @ rend?P - @? 24t =0, (2)
where Q is the signal-to-noise ratio. The minimum detectable energy for

nonorthogonal modulation with a threshold Gm a" <n>/2 18 specified

i
approximately by the solution to the equation

2

<2 - 4Q*rcnd? - 4Pz - 0. (3)

With a threshold eeq that ylelds equal false alarm and miss probabilities the

minimum detectable energy is specified by the solution to the equation

e
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o> ~ Q*F<a>?P™1 - 2qz/u = 0. (4)
{ For the case of thermal noise domination, (2), (3) and (4) indicate that the
1 reduction of minimum detectable energy using orthogonal modulation is D = 1.5

dB. For the case of power~law noise domination, D is shown in figure 1. For

a combination of thermal and shot noise (p = 1/2), D is shown in figure 2.

Note that Gm is the threshold used in most practical receivers, and for this

id

case D approaches 6 dB as M increases.

T

-
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2. FSK Experiment

To compare orthogonal and nonorthogonal modulation, a series of four

experiments was carried out with a multimode fiber-optic system:
(1) FSK and ASK; 6 nm wavelength deviation; suboptimal ASK threshold; 10 M q

bits/sec; L
(2) same as (1) with optimal ASK threshold (see ref. 1l);
(3) FSK and ASK; 2.5 nm deviation; 8 14}

cosine rolloff equalization, phase locked loop timing recovery;

100 M bits/sec; receiver with AGC, k

(4) PPM; 100 M bits/sec; high~Q tank circuit for clock recovery.

In case (1), D ranged from 3 to 15 dB. 1In case (2) D ranged from 2.5 to 3.25
dB, and increased with greater shot-noise domination. In case (3), which
represents a more realistic receiver, the data (crosses) and theoretical
bit~error rate (curves) are shown in figure 3. The effect of interwavelength

crosstalk on D is shown in figure 4. The crosstalk in this experiment was ]

about 10%, as shown in the figure. In case (4), PPM modulation was used, and
sample waveforms are shown in figure 4. The top waveform is the transmitter
clock, followed by the encoded data, the recovered 200 MHz clock, and the
received data. Since PPM requires twice the bandwidth of ASK for the same

information rate, a higher noise figure results. Therefore, PPM provides no
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reduction in minimum detectable energy over ASK.

3. Conclusion

In the ideal quantum limit (photon noise only), the detection threshold
is equal to one photon, and the performance of orthogonal and nonorthogonal
modulation is the same. In a thermal noise dominated system, orthogonal
modulation (FSK) provides a 1.5 dB decrease in minimum detectable energy,
compared to nonorthogonal modulation (ASK). For a practical ASK receiver, the
threshold is set at one-half the peak signal level, and FSK provides a 6 dB
improvement in the limit of shot noise domination over thermal noise.
Approximately 4 dB improvement was observed using FSK in a 100 M bit/sec fiber
system.

(1) P. R. Prucnal, "Wideband FSK optical fiber communication experiment,"
J. Opt. Communic., Issue #2 (1983). !
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II. PHYSICAL AND PHOTOCHEMICAL PROPERTIES OF ELECTRONIC MATERIALS
A. CONDUCTION MECHANISMS IN ULTRA-SMALL PUNCHTHROUGH MOSFET*

(B. M. Grossman, W. Hwang, F. F. Fang)

(JSEP work unit 4, 1982-1985)

(Principal Investigators: W. Hwang (212) 280-3115

E. Yang (212) 280-3120)

Designers of semiconductor devices usually regard punchthrough as a
limiting regime which is to be avoided by all available means. However, when
carefully csntrolled, the punchthrough current in a short-channel MOSFET may
be uvsed t0o advantage. An approach to FET design based on controlled
punchthrough current offers a possible alternative to scaling methods(l)-(3)
commonly used for down-sizing MOSFETs to submicron dimensions.

The scaling methods avoid punchthrough and maintain the shape of the
electric~field patterns within a device and by increasing the channel doping
as device geometries shrink. However, increasing the impurity concentration
in the channel will introduce some undesirable effects. In order to invert
the semiconductor surface, a large gate field must be applied. This places an
increasing demand on the dielectric strength of the gate insulator. In
addition, a larger electric field in the normal direction to the semiconductor

surface, resulting from the more sharply bent surface~-to-substrate energy

bands in the more heavily doped chanriel, will lower the carrier mobility at

(4),(5)

the surface and increase the likelihood of the injection of hot
electrons into the gate insulator.(é) These and other problems ultimately
prevent the adherence to scaling principles with respect to channel doping in

the design of ultra-small devices(7)’(8)

and point to the need for some
alternative approach. One possibility is to permit and control punchthrough
current.

In this work, we show that the operating range of submicron punchthrough

MOSFETs can be extended by introducing a significant and controllable

barrier-limited component of current through the placement of a heavily

17
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(9

doped layer underneath the conducting channel. The heavily doped layer is
placed deep enough so that the conducting channel near the surface remains
punched through. A simple analytic calculation of punchthrough current in MOS
transistors is not possible because of the two-dimensional (and sometimes

(9),(10)

three-dimensional) nature of the punchthrough effect. In this paper,

the conduction processes in punchthrough MOSFETs were analyzed in
two-dimensions by the FIELDAY program.(ll)

Along a particular streamline of drain-to-source current, the mechanism
for the transport of electrons is determined by the height and position of the
potential-energy barrier presented to the flow of electrons and the
distribution of charge in the stream. The height of the barrier and the
charge distribution depend on the values of all the applied biases. The
position of the peak of the barrier is mainly determined by the value of the
drain-to-source voltage. In the punchthrough MOSFETs investigated in here,
the doping in the conducting channel is sufficiently low and the channel
length sufficiently short that the source and drain depletion regions overlap
at all values of VDS’ creating a source-to-drain potential-energy profile with
a well defined peak. At equilibrium, the peak of the barrier is located
midway between the source and drain. With the application of a positive
drain-to-source voltage, the barrier decreases in height and moves toward the
source. The resulting total current consists of either

(1) barrier-limited curreat (BLC),

(i1) space-charge-limited curreat (SCLC), or

(111) ordinary surface-inversion current (SIC).
Along each current streamline the three conduction mechanisms effectively
operate in series. Current is controlled or limited by whichever mechanism

imposes the greatest restriction on the flow of carriers. When the flow of

18
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E carriers is impeded by a high energy barrier the conduction process is

mu' it

E 1 referred to as "barrier limited." When the major impediment to the flow of

current is the retarding electric-field created by the space charge of other

injected carriers, we say that the current is "space-charge limited." And,

when the controlling process is due to the amount of mobile carriers induced
along the entire length of the channel by a gate bias, drain-to-source current
flow consists of the usual surface-inversion found in conventional MOSFETs.

Streamlines of drain-to-source current may be bundled together to form
channels of BLC, SCLC, and SIC at different depths below the semiconductor
surface. Then, the total curréﬁt flowing into the drain consists of a mixture
of BLC, SCLC, and SIC components with the relative amount of each current
component determined by the applied bias. Under certain operating conditions
one of the three component mechanisms may dominate. BLC at the drain will be
sengsitive to changes in temperature, while the temperature dependencies of
SCLC and SIC are through the carrier mobility which is relatively less

(5)

temperature sensitive, SIC and BLC will be sensitive to changes in gate

bias while SCLC is nearly independent of gate bias.

Both the SCLC and ordinary SIC mechanisms share the characteristic of a |
high carrier concentration in the region between the source and the peak of
the energy barrier, or injection region. However, they can be differentiated
by their carrier-density profiles in the region between the injection point at
the peak of the barrier and the drain. For the SCLC case, the space charge in
the channel region mainly consists of electrons that were injected from the
source. For SIC, the space charge in the region between the injection point
and the drain consists of injected electrons and a much larger concentration
of electrons that were induced by a positive gate potential.

To a first order approximation, charge inversion along the semiconductor

19
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surface is controlled by gate bias while the parallel electric field between
the injection point and the drain is mainly due to drain-to-source bias.
However, in ultra-small MOSFETs, the parallel component of the drain-to-gate

electric field may comprise a significant part of the total electric field in

the parallel direction. A more positive gate bias decreases the strength of

the drain-to-gate electric field and increases the strength of the

BT

gate-to-source energy bands and energy barrier. The energy bands become

.,..
e et iy SR

flatter near the drain and more steep on the drain side of the barrier peak.

Ly . i

¥ For the devices operating with either SIC or BLC, increasing the gate bias

moves the peak of the energy barrier toward the source.

For some ranges of applied bias, current at the drain terminal may
exhibit the distinguishing characteristics of one of the three mechanisms
listed above. However, over most of the operating range of the device, drain
current is due to a combination of these mechanisms which blurs the
distinctive features of any particular conduction process. The transition
from BLC to SCLC to SIC occurs in a continuous and smooth manner with changing
gate and drain biases. The observations made from the data obtained from the

numerical experiments are for the purpose of determining general trends toward

particular conduction mechanisms. The distinct features of a particular
mechanism will only appear in the limiting cases of high or low gate and
drain-to-source bias.(lz)

In'conclusion, as devices are made smaller, transport mechanisms other
than surface-inversion conduction become important and merit attention. Small
geometries favor high-field drift mechanisms. The current-voltage

characteristics and transport mechanisms for an ultra-small n-channel MOSFET

thet operates in the punchthrough mode were deduced from two-dimensional

numerical simulations. Current flow in this device was controlled by
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barrier-limited, space-charge limited or surface-inversion conduction

mechanisms. The presence of these conduction processes was determined by
varying temperature, channel length and applied biases. Although the
thickness of the gate insulator was not varied in the present study,
increasing the thickness of the insulator would have raised the threshold
voltage for surface-inversion conduction and extended the range of
barrier-limited control by the gate. Space-charge limited current is
relatively unaffected by the thickness of the gate 1nsu1ator.(12)
" A punchthrough MOSFET is less susceptible to the undesirable effects
caused by the higher normal electric field found in scaled-down devices of the
same size. The degradation of performance caused by the injection of hot
carriers into the gate insulator and reduction of carrier mobility at the
semiconductor surface is partially relieved in the proposed device. The
relatively large activation energy at the onset of drain-to-source conductance
warrants careful design consideration so that the device remains "off" even at
elevated temperatures. An obvious remedy for this problem is to increase the
acceptor impurity concentration in the channel at the expense of reducing the

(12)

large-signal transconductance.

*This research was also supported by IBM.
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B. COLLECTION EFFICIENCY OF THIN-FILM METAL-INSULATOR-SEMICONDUCTOR
PHOTOVOLTAIC DEVICES*

(S. M. So, W. Hwang)

(JSEP work unit &4, 1982-1985)

(Principal Investigators: W. Hwang (212) 280-3115

E. Yang (212) 280-3120)

When a metal-insulator-semiconductor (MIS) photovoltaic device is
illuminated with light of energy larger than the bandgap of the semiconductor,
the collection efficiency or the internal quantum efficiency N of the device
is customarily calculated using the Gartner model.(l) This model assumes a
complete collection of photogenerated minority carriers in the depletion
region and predicts n increases monotonically with increasing absorption
coefficient. However, experimental data often indicate that n exhibits a peak
at some value of absorption coefficient and falls with larger values.

A theory is proposed to calculate n of a thin-film MIS photovoltaic
device with back-surface field.(z) The model incorporates two loss mechanisms
to account for the falloff in the short wavelength response, First, due to
the image force effect which produces a majority carrier potential maximum
located at x, near the illuminated surface, all carriers photogenerated
between the surface and x, are swept to the surface and do not contribute to
the photocurrent. Second, the photogenerated majority carriers which are
generated in the depletion region and diffuse against the electric field to X,
may be collected at the metal surface and thus reduces the photocurrent,

The net collection efficiency is calculated as the difference between the
minority and majority carrier collection efficiencies at the metal surface.

It is assumed that recombination inside the space-charge region is negligible.
This is a reasonable assumption for thin-film semiconductors which normally
have wide bandgaps and low intrinsic carrier concentrations. The number of

minority carriers that are photogenerated in the space-charge region and
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diffuse against the electric field away from the surface is found to be

(3)

small. Therefore, all the minority carriers photogenerated in the
space-charge region can be considered as being swept out of that region,
Consequently, when the semiconductor is thin enough and the entire device is
totally depleted, the photogenerated minority carrier current density is
determined by the generation rate. In the case when the device is not totally
depleted and a neutral region exists in the semiconductor, the minority
carrier current collected at the metal surface is the sum of the drift current
due to the minority carriers photogenerated in the depletion region and the
diffusion current of the photogenerated minority carriers diffusing into the
depletion region from the bulk and from the back injection region. This
diffusion current is limited by the minority carrier diffusion length. Some
of the majority carriers photogenerated in the depletion region can diffuse
against the electric field towards the interface, thus reducing the net
photocurrent. This diffusion loss can be accounted for by evaluating the

ma jority carrier current density flowing towards the interface in terms of an
effective collection velocity v, at the potential maximum.(a) In MIS devices,
Ve depends upon the concentration of interface states, being high when there
are many states, but much lower when the interface is passivated. For an
intimate Schottky barrier device, Vo is on the order of the electron thermal
velocity, about 107 cm/sec. This diffusion current of the photogenerated
majority carriers is calculated from the transport and continuity equations,
the solution of which requires the knowledge of the potential distribution in
the depletion region. The potential distribution is calculated from Poisson’s
equation for a homogeneous and uniformly doped semiconductor with the

modification due to the image force lowering effect.

Detailed derivation of the equations and sample calculations for a MIS
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n-type CdTe photovoltaic device have been reported in Ref. (2). Part of the
results are represented here by Figs. 1 through 4. The net collection
efficiency is computed at zero bias as a function of wavelength of low level
i{llumination varying from 300 to 900 nm for different semiconductor thickness,
doping density, electron mobility, and effective collection velocity. The
following parameters for n-type CdTe are used in the computation: hole
(minority carrier) diffusion length = 0.25 ym, CdTe relative dielectric
constant = 9.6, temperature = 300°K, insulating layer thickness = 25 X,
Schottky barrier height = 0.82 V, and the effective density of states in the
conduction band = 9.155 x 107 cu 2.

Figure 1 shows that the net collection efficiency is strongly dependent
on v, . When ¥s is large, meaning high interface state density, the short
wavelength falloff 1s also large. On the contrary, when A is low, meaning
the interface is well passivated, the short wavelength response is relatively
better.

In Figure 2, the net collection efficiency is calculated as a function of
doping density which affects the electric field in the depletion region. For
high doping density, the depletion width is narrow and the electric field near
the surface is high. The short wavelength falloff i1s small because losses due
to the diffusion and the image force effects which are electric field
dependent are less. However, the long wavelength response is poor because of
the short depletion width and the short minority carrier diffusion length.

For lower doping density, the spectral response changes in accordance with the
variations in depletion width and electric field.

Figure 3 shows the effect of the semiconductor thickness on the net
collection efficiency. When thickness is thin, illumination of longer wave-

length cannot be totally absorbed, and therefore, the long wavelength
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response 1s poor. However, in this case when the thickness is thirnuer
resulting that the device becomes totally depleted, the surface potential

gradient is increased as the thickness is decreased. Hence, the short

wavelength falloff is decreased as thickness decreases. Therefore, the
thickness and the doping density can be designed to meet the desired spectral
response requirement.

Figuré 4 compares the efficiency as predicted separately by the diffusion
and the combined diffusion and the image force effects models. When Ve is
large, the dominant loss mechanism is due to the diffusion of the
photogenerated majority carriers to the metal surface, and the difference
between the two models is small. When 5 is small, the difference between the
two models is large, especially in the short wavelength region, which
indicates that the collection losses due to the image force effect are
significant.

In conclusion, for any semiconductor with large absorption coefficient
and a doping density below 1015 cm-a, the calculated results indicate that the
loss in collection efficiency due to the image force effect is significant.
For MIS photovoltaic devices with an effective surface collection velocity
less than 106 cm/sec, the collection losses due to the image force effect and
the diffusion of the photogenerated majority carriers are comparable. As a
result, the combined theory incorporating both the image force and the
diffusion loss mechanisms is able to model quantitatively the collection
efficiency of a thin-film MIS photovoltaic device more accurately than either
model alone. When the whole semiconductor is a space-charge region, the
potential distribution, the location of the potential maximum, and
consequently the collection efficiency are shown to depend on the thickness of

the semiconductor. The collection efficiency can be increased by reducing the

29

- e "*




B

{
{

COLLECTION EFFICIENCY

T ] T ] T
-
|
/X
0.4 /[y <mss | DIFFUSION [COMBINED 1
/7 ¢ MODEL MODEL
/p 3
K l’ 10 SRl | IS S
02_ 105 o b =
107 X e 3 e X L=
oo ] 1 1 1 1
300 500 700 900
WAVELENGTH (nm)
Figure 4. Calculated net collection efficiency vs wavelength with e 103,

5

107, and 107 cm/sec, doping density = 1016 cm-3. semiconductor

thickness = 2 um, and electron mobility = 100 cm2/V sec for
the diffusion and the combined diffusion and image force models,

30




e

L i

i ng—,‘a Nl

surface collection velocity and optimizing the thickness and doping of the
semiconductor, or by designing a high-low doping profile such that the

collection losses for the entire spectrum are minimized.

*This work is supported by the National Science Foundation under the contract
NSF-ECS-82-17677.
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C. PHOTOCONDUCTANCE TRANSIENT RESPONSE IN POLYCRYSTALLINE SILICON*

(E. Poon, W. Hwang, E. Yang, H. Evans)

(JSEP work unit 4, 1982-1985)

(Principal Investigators: W. Hwang (212) 280-3115
E. Yang (212) 280-3120)

When under illumination, the transport of excess carriers in
polycrystalline silicon is obstructed by the grain boundaries (GBs) in two

ways. The electric fields in the depletion regions around the GBs tend to pin

down the majority carriers at the depletion edges and minority carriers at the
y GBs, and the tfapping and recombination process at the GBs reduce the minority
carrier lifetime and diffusion length. The former is well demonstrated by the

(1),(2)

photovoltaic effect experiment and the latter by the photoconductance
spatial scanning experiment.(3) When the GB is under direct illumination, the
former one also gives rise to a seemingly barrier height lowering as in the
latter one. The fundamental difference, however, is in the transient time
involved. Carrier separation takes place in picoseconds and is not too
temperature sensitive, whereas carrier trapping and emission require a time
ranging from us to ms and are extremely temperature sensitive. Since the
photoconductance change is a result of direct interaction between charge

carriers and the GB traps, the measurement of the photoconductance should

provide valuable information on various GB parameters.
4®

Last year we reporte a GB trap energy 0.5 eV below the conduction

band with an associated electron thermal capture cross-section of 2 x 10-16
cnz. The interpretation of the data is based on the assumption that the

measured photoconductance voltage decay time is the time constant of the trap.

Theoretical support of this interpretation was not given at that time.
In this report, the photoconductance transient response in

polycrystalline silicon is studied theoretically. The conventional
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(5),(6)

Shockly-Read-Hall statistics are used to describe the carrier emission
and trapping processes at the GB traps. The results show that, under
appropriate conditions, the minority carrier capture and emission time
constants can be obtained directly from the photoconductance transient
response. The theory not only supports the previous interpretation, it
further shows that other GB parameters, such as the trap density, the minority
carrier lifetime and photo-capture cross-section of the traps can also be
deduced. The photoconductance measurement is therefore useful in studying GB
deep level states.

As shown in Fig. 1, a constant d.c. bias (VB) is applied across a large

grain p~type silicon bicrystal which is in series with a load resistor RL' GB

traps are assumed to be donor-like. When under illumination, the

photoconductance voltage change across RL is given by:(a)

vy = % L= exp(-+b0-$b)kr)1 1)
where

v, " (fsp Vgk/Ry AA%qT) exp(#bolkr) 2)

fsp is included to account for the effect of the spot-size. As will be seen
below, under the appropriate condition, Eq. (1) allows deduction of GB barrier

height, rise time and fall time of the traps.

A. Steady State Photoconductance

If the intensity of the light source is high enough to reach the flatband
condition, from Eq. (1), the maximum magnitude of the signal is given by:
(4V)¢.b. = Va 3
If the pre-exponential factor in Eq. (2) 1is relatively insensitive to the

temperature in logarithmic scale, the slope of the plot of 1n(aAV versus

L£.b.

Kk
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Figure 1. Schematic diagram of photoconductance measurement.
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1/T then gives the barrier height in the dark, +bo' Experimental results
reported previously(a) indicate that fsp does not depend strongly on T, at

least in logarithmic scale.

B. Transient Photoconductance

Assuming injection is not too high such that there is no significant
change in majority carrier (hole) concentration in the bulk. Then

(b = )/ = V4, -V, (4)

Using depletion approximation,(7)

the diffusion potential Vd is given by:
2
A (q/8¢ NN (5)
where NT is the total empty donor-like traps per unit area, ¢ is the
permittivity and Na is the doping concentration. For a general distribution,

E
c

NT(t) -th(E,t)dE (6)
Eg
where Nt is the empty trap concentration with energy Et'

The detailed derivation of the transient response will not be presented
here and the readers are merely referred to reference (8). In brief, the
change of the GB charge state can be described by the equation:

N.(t) = N (=) = [N (=) =~ N .(0)] exp(-t/T) )

For the rise,

l/t,r - + (:n (no + 4n) + Ioph (8)
Nt(c-) =T N, (e + Ioph) (9)

where Nto is the total trap concentration with energy Et’ n, is the electron
concentration at the GB in the dark and An i{s the excess electron

concentration. In the region near the end of the decay,

l/ty=e +Cn =~ e (10)
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N(=) =t N, e (1)

From Eqs. (8) and (10),

l/rr - l/rd = C An + Iaph

= Cn(yrn/A)I + Iaph

where L is the effective electron lifetime, A is the absorption depth, aph is

the photo-capture cross-section of the trap-and Y is the loss of electrons due

(12)

to non-ideal quantum conversion and diffusion to the bulk areas. In the

region where

Vio = Vg << KT/a = V, (13)
it can be shown that for the rise transient,
E
c
(AVL)r --/;(E)Nto(E)[l-exp(-t/tr)]dE (14)
E
f
with
a(E) = (V/¥,)(av, /268 ) /% (v (R,00/8 - o (e 10,01 (15)
For the decay,
E
c
(AVL)d -.}rB(E)Nto(E) exp(-t/rd)dE (16)
Eg
with
B(E) = (vm/vT) (quO/Zc Na)l/2 [l-f(E,Ef) - Nt(E,O)/Nto(E)]d (17)

If the trap distribution is discrete, Eqs. (14) and (16) reduce to the

familiar forms:

discrete

(avy)g " I a(B N, (B [1-exp(=t/r (E,))]

discrete

(av;)4

- tB(Ei)Nto(Ei)CXp(-t/rd(Ei))
i
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Eq. (19) therefore supports our previous interpretation of the experimental

data.

*This work is supported by the National Science Foundation under the contract
NSF~ECS-82~17677.

(l) e Matukura, Jpn. Je Appl' PhySO _2_, 91 (1963).

] (2) L. Sosnowski, J. Phys. Chem. Solids 8, 142 (1959).

(3) P. Panayotatos, E. S. Yang, and W. Hwang, Solid-State Electron. 25, 417
(1972).

(4) E. Poon, E. S. Yang, H. L. Evans, W. Hwang, and R. M. Osgood, Jr., Appl.
Phys. Lett. 42, 285 (1983); also Progress Report No. 33, Columbia
Radiation Lab., Columbia Univ., p. 63 (1983).

(5) W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835 (1952).

(6) R. N. Hall, Phys. Rev. 87, 387 (1952).

(7) E. S. Yang, Fundamentals of Semiconductor Devices (McGraw-Hill, 1978),
Ch. 4-20

(8) E. K. Poon, Chapter 5, Ph.D. Dissertation, Dept. of Electrical 4
| Engineering, Columbia Univ,, 1984 (to be published).




B

D. MODELING OF GRAIN BOUNDARY EFFECTS ON THE PERFORMANCE OF
METAL-INSULATOR - THIN FILM POLYCRYSTALLINE SEMICONDUCTOR
PHOTOVOLTAIC DEVICES*

(S. M. So, W. Hwang)

(JSEP work unit 4, 1982-1985)

(Principal Investigators: W. Hwang {(212) 280-3115
E. Yang (212) 280-3120)

The photovoltaic conversion efficiency of a single-crystal silicon device
can be calculated by the superposition principle.(l) Due to the higher
absorption coefficient, lower carrier mobilities, and lower free carrier
concentrations, typical of thin-film polycrystalline semiconductor
photovoltaic devices, however, the photogenerated majority carrier current in
these devices is a strong function of light level.(z)’(3) Thus, the
superposition principle does not apply for this type of devices, and the
efficiency calculated by this principle may be seriously over-estimated.(a)

We have developed a model based on experimental observations of thin-film
polycrystalline metal-insulator-semiconductor (MIS) photovoltaic device with

back surface field.(s)

Photocapacitance measurements, showing that the
depletion width and the free majority carrier density are moduiated by light
intensity, suggest the presence of traps. The grain sizes of thin-film
polycrystalline semiconductors are small - typically about one micron. With

0 to 1013

grain-boundary interface state density about 101 cm.zev-l, the
equivalent bulk trap density due to the grain-boundary interface states is
significant compared to the doping density of interest. The analysis based on
the experimental data indicates that there is a dominant majority-carrier trap
level around the mid-gap. The experimental and theoretical studies on
polysilicon show that the energy distribution of grain-boundary interface
states is well approximated by a discrete level located near the center of

(6)

forbidden gap. Therefore, we can asgsume that the dominant trap originates
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from the grain-boundary interface states.

Under steady-state illumination, grain-boundary interface states trap
majority carriers which subsequently recombine with photogenerated minority
carriers. The trap density affects the minority carrier lifetime and
diffusion length which determine the collection efficiency of the
photogenerated minority carrier current in the bulk. In the neutral region of
the semiconductor, the trap occupancy under steady-state illumination is

governed by Shockley-Read-Hall statistics.(7)

By equating the generation and
trap recombination rates and assuming charge neutrality in the bulk neutral
region, the steady-state majority carrier density, minority carrier lifetime,
and trap occupancy can be solved numerically., The free majority carrier
density is found to be less than the doping density and is modulated by the
trap density. As the trap density is increased, free majority carrier density
is decreased and the bulk Fermi level moves clogser towards the mid-gap, and
accordingly the built-in potential is decreased. The depletion width,
location of the potential maximum, and the electric field in the depletion
region are all affected by the changes in the built-in potential and the free
majority carrier density.

The net photocurrent is the algebraic sum of the photogenerated minority
carrier curreunt, the junction majority and minority carrier currents due to
bias, and the photogenerated majority carrier current collected at the metal
surface, which arises principally from two sources: first, the diffusion
againgt the electric field of majority carriers photogenerated in the
depletion region to the surface; and second, the collection of majority
carriers which are photogenerated between the interface and the potential
maximum created by the image force and swept to the surface by the high

(8)

electric field there. The performance of a photovoltaic device is usually
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evaluated by its short-circuit current, open-circuit voltage, and photovoltaic

et .

conversion efficiency. Detailed derivation of the equations and calculated

e

results are reported in Ref. (5). Some sample calculations are shown here for

3 the specific case of thin-film polycrystalline n-type CdTe MIS photovoltaic

devices.

Figure 1 shows the difference between the majority carrier current
density in the dark and under AM1 illumination for a MIS device with diode
ideality factor A = 1.3, effective collection velocity igE 105 cm/sec,
semiconductor thickness d = ] micron, grain size g = 0.5 micron, and
grain-boundary interface state density N, = 1012 rn-zev-1

18 C .

photogenerated majority carrier current is very sensitive to the electric

The

field in the depletion region, being small when the field is high and large
when it is low. It is the dominant opposing current under low bias and is
larger for device of lower doping density, higher trap density, and higher
collection velocity.

The photovoltaic conversion efficiency of a MIS device with A = 1.3,
d = 1 micron, and e 105 cm/sec is compared for different doping density and
trap density, as shown in Fig. 2. When doping density is high, the depletion
width is narrow and the minority carrier diffusion length is important. When

doping density is low, however, the depletion width is wide and the

photogenerated majority carrier current is critical. Only when the trap

density can be very low, meaning longer minority carrier diffusion length, the

devices will perform better if they are made of hiéher doping density, as
3 indicated by curves a and b. Otherwise there will be an optimum doping
density or depletion width.
In Fig. 3, the efficiency is examined as a function of the effective

collection velocity for a ] micron thick device with A = 1.3. 1In general
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Figure 1. Calculated majority carrier current density in the dark and under

AM] illumination of a MIS photovoltaic device.

41




e 5 NS EEEEE——_—,

12

10

EFFICIENCY, %

Figure 2.

T T I L
- a N
i //—\ i
C
s d ‘]
e
r
| | | |
0% 105 1016 1017
DOPING DENSITY, cm™
Calculated photovoltaic conversion efficiency vs. doping

density of a MIS photovoltaic device under AMI illumination,
(a) g = 10 um, Nis = 1010 cm-zeV-l.
(b) g = 1 um, Ni = 10lO cm-zeV° .
3
2 -1
(d) g = 0.5 ym, N, _ = 10!3 en2ey=1
() g 13 2

1
(¢c) g =1 um, Nis = 1012 cm “eV ",

cm eV-l.

500 R, Ny, = 10
S

42

it it




12

EFFICIENCY, %

{ Figure 3.

e
DOPING DENSITY, cm™ >
e ]016
SRy = 1014
0 1 | | | |
103 104 105 108 107

COLLECTION VELOCITY, cm/sec

Calculated photovoltaic conversion efficiency vs. collection
velocity of a MIS photovoltaic device under AM] illumination,
(a) g = 10 um, Nis
(b) g = 0.5um, N, =10

o 2 =1
(c) g =500, N,_ =10 cn “eV™".

43

e

4 i—ilinan




efficiency 1s high when v is low and it is decreased as ¥ is increased.

When trap density is high, the change in efficiency as a function of % is
small, whereas when it 1s low, the change is large. This result indicates
that unless the grain boundaries are well passivated, interface passivation is
relatively ineffective.

Figures 4 and 5 show the short-circuit current and the open~circuit
voltage as function of the effective collection velocity of the same device as
in Fig. 3. The short-circuit current is affected more by the change in e for
a low doping device. This is because the photogenerated majority carrier
current which is strongly dependent on L7 affects more on the device of low
doping. For high doping devices, the short-circuit current is more sensitive
to the change in the minority carrier diffusion length as a result of the
variation in grain size and grain-boundary interface states. The open-circuit
voltage 1s limited by the built-in potential when the trap density is high,
and it is dependent on the effective collection velocity when the trap density
is low, as contrasted by curves a and c.

In conclusion, a model has been developed to characterize the performance
of thin-film polycrystalline semiconductor photovoltaic devices. While this
model includes the normal crystalline semiconductor parameters such as
doping density, carrier lifetime, surface passivation, and optical transmis~
sion of the top contact, additional paramete;s which are important in
polycrystalline thin films such as grain size, grain-boundary interface state
density, film thickness, and back contact effects are also included. In
addition, light induced changes in the majority carrier current and free
majority carrier density are shown to dramatically affect the photovoltaic
properties of these devices. In particular the effective collection velocity

significantly affects the photovoltaic properties when the doping density is

44

* S ey N,

T




SHORT-CIRCUIT CURRENT DENSITY, mA/cm?2

19.0

| 18.0
17.0
16.0
15.0
140

13.0

Figure 4.

L 1 ] ] =i
----- \o
- e amm ‘\
e \::\::\\
\\\\ \
S\ DN
W \\
v N
- \\ \\
\ \\ \\
\ \
\.\\ \\
\
v N\ &
= v\ \a
\ AN
AN
\\ \
n b
\
lic N\
\

DOPING DENSITY,cm™3

/

— ]()‘G' k.
_____ 10\4
1 ] 1 | |
103 104 105 106 107

COLLECTION VELOCITY, cm/sec

Calculated short-circuit current density vs. collection
velocity of the same device as in Figure 3.

45




OPEN-CIRCUIT VOLTAGE, volt

06 [

0S5 |-

o4 I

DOPING DENSITY, cm™3

03 - 10'6 -
e JOIY
0.2 1 | i | -
10° 104 10% 108 107
COLLECTION VELOCITY, cm/sec
Figure 5. Calculated open-circuit voltage vs. collection velocity

of the same device as in Figure 3.

46




——

T

S Lo s N

#

low. The trap density, which is computed from the grain size and
grain-boundary interface state density, is the most important feature in
determining photovoltaic properties. In addition to its effect on minority
carrier lifetime, these traps enhance the light-induced changes in the free
majority carrier density which in turn affect the built-in potential,
depletion width, open-circuit voltage, fill factor and short-circuit current.
In general, it is shown that grain boundaries must first be passivated in
order to achieve high efficlency. Interface passivation, as it affects the
effective collection velocity, will then further improve the efficiency. The
influence of the grain boundaries can be reduced, however, by designing the
photovoltaic device with lower doping density and a thickness such that the
whole semiconductor becomes a space-charge region. As the doping density is
lowered, however, the band bending in the junction depletion region will be
reduced due to the accumulated back contact, resulting in higher majority
carrier current and lower conversion efficiency. Therefore, an optimum doping
density and thickness exist for specific semiconductor material and device
structure, Modeling together with photovoltaic parameter measurements can
help identify the major loss mechanisms so that processing can be modified and

efficiency optimized.

*This work is supported by the National Science Foundation under the contract
NSF-ECS-82~17677.
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E. FABRICATION OF MIS~-SCHOTTKY DIODES WITH THERMAL NITROXIDE FILM*

(D. K. Yang, Q. Hua, E. S. Yang)

(JSEP work unit 4, 1982-1985)

(Principal Iunvestigators: E. Yang (212) 280-3120

W. Hwang (212) 280-3115)

In the development of ultra-small electronic devices, it has been found
that thin gate oxide less than 200 R often deteriorates after silicide-gate,
ion-beam or plasma-assisted processing. Yet, because of scaling, future
generations of megabit RAMs will require a film thickness of 100 R or
less.(l)’(z) The integrity of such thin insulator films is most important in
achiaving highly reliable device structures. Recently, thermal nitridation of
thin oxide films has been found to improve MOS characteristics.(3) Incorpora-
tion of nitrogen in an oxide produces a dense, uniform and pinhole-free film
known as oxynitride or nitroxide. We have used this technique to fabricate
MIS rectifiers whose forward turn-on voltage can be controlled by varying the
thickness of the oxynitride film. This section reports the results of the
process when a closed tube moving furnace is used. I~V characteristics of
MIS-Schottky diodes fabricated by this process are also presented.

Thermal nitridation of a silicon wafer is achieved by reaction with i
ammonia in the system illustrated in Fig. l. The substrates are (l1l1) n/n+ i
polished Si. The surface cleaning procedure consists of: (1) degreasing in
organic solvents in an ultra-sonic bath; (2) dipping in “2304 at 80°C for 5 4
min. to remove heavy ions; (3) immersion in HN03 at 80°C for 5 min. to form a
thin native oxide; and (4) etching in buffered HF for 30 sec. to remove the
oxide. After these steps the silicon surface should be hydrophobic. In order

to obtain a thin nitroxide film ou §i, we dip the wafer in HNO, at 80°¢C for 5

min, to form a controlled SiO2 about 15-20 R. Then we load the wafer into the

quartz reaction tube and purge the tube with pure N2 for 30 min. after sealing
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and evacuating the tube to 0.1 Torr. Subsequently, NH3 is introduced into the
quartz tube and the preheated furnace is moved to encompass the wafers. The
insulator-film will become a nitroxide whose thickness depends on the growth
time and temperature. In our experience, the thickness of the film depends
slightly on the growth time, but strongly depends on the temperature. In some

cases, in order to avoid using high temperature, we can grow thicker nitroxide

on Si by preheating the wafer in an oxygen environment for several minuﬁes,
purging the oxygen with NZ’ and heating the wafer in NH3. After the desired
film thickness 1s achieved, the furnace is removed, and the wafers are allowed
to cool down to room temperature. The tube is then purged with N2 before
unloading the wafers. Aluminum is evaporated on the back side of the wafer to
form an ohmic contact and aluminum dots are deposited on the front surface to
produce MIS-Schottky diodes.

The film thickness 1s measured by ellipsometry, and its dependence on
growth time is shown in Fig. 2. The refractive index is found to be between |
1.9 and 2.2. At 920°C, the film thickness remains to be essentially constant
beyond a heating period of 40 minutes. Therefore, a higher temperature |
(960°C) 1is used to obtain a thicker film. Our experience shows that the
thickness can be controlled easily by fixing the temperature, whereas the
growth time is relatively unimportant after the initial growth. This
indicates that the mechanism i1s likely to be limited by the diffusion of the
nitriding species through the insulator.

In Fig. 3, the forward current-voltage characteristics are shown for
diodes fabricated on the same substrate with different insgulator film

thickness. The turn-on voltage increases with the film thickness as expectedi

(4)

from known theory. The dashed line represents a diode with SiO insulatoru

2
which is used as a reference. It is interesting to note that the behavior of
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these MIS-Schottky diodes is not sensitive to the band-gap value of different
dielectrics and that the turn-on voltage follows the insulator thickness.

) o

Similar results have been noted by Card and Rhoderick in their work.
the other hand, the reverse-biased breakdown voltage shown in Fig. 4 indicates

that the nitroxide films are better. More important is the fact that the

devices with the nitroxide film do not seem to degrade after months, whereas

diodes with 5102 insulator degrade in days. It appears that the MIS-Schottky

structure may also be useful in evaluating the stability of the insulator

(5) ]

films less than 50 & in thickness. In conclusion, we have fabricated

aluminum-nitroxide-silicon Schottky diodes and found that their electrical 1

characterisgtics are similar to MIS-Schottky junctions with S:I.O2 insulator.
However, the better breakdown and degradation characteristics indicates that
the integrity of nitroxide films is significantly better than pure oxide

films.

*This research was also supported by the National Science Foundation under
Grant ECS-82-17677.
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F. A METAL-AMORPHOUS SILICON-SILICON TUNNEL RECTIFIER*

(Q. Hua, D. Yang, E. Yang)

(JSEP work unit 4, 1982-1985)

(Principal Investigators: E. Yang (212) 280-3120
W. Hwang (212) 280-3115)

Ever since the discovery of the tunneling phenomenon in a p-n junction by
Esaki,(l) design engineers have attempted to make use of this ultra-fast
switching device. Yet, with the exception of some microwave circuits, the
applications have been limited. The tunneling mechanism has also been shown

(2),(3)

to be important in thin-oxide MOS structures. The carrier transport in

these devices is, however, not pure tunneling since it is thermionic emission

(4)

modified by tunneling. In this section, we report the successful fabrica-
tion of a nearly ideal tunnel diode with excellent rectifying properties. It
will be shown that while the majority carrier current of this new structure is
distinctly dominated by tunneling, its current-voltage characteristics conform
to those of a typical p~n junction diode. The device is produced at room
temperature without a high temperature annealing cycle.

To fabricate the device, a 30 )y layer of amorphous silicon was deposited
on an n/n+ silicon wafer by electron-beam evaporation at a pressure less than

6 Torr. Aluminum dots, 1000 % thick and 1.20 mm in diameter, were

2 %19
evaporated on the front of the wafer, and a 1000 )} layer of aluminum was
evaporated on the back to provide ohmic contact (see insert of Fig. 2). A
control sample fabricated without the amorphous silicon layer showed the
characteristic of an ohmic contact. The current-voltage (I-V) characteristic
was the& measured at different temperatures, and the capacitance-voltage (C-V)
characteristic was measured at room temperature.

Fig. 1 shows a typical I-V characteristic at room temperature. The

vertical scale is 500 uA per division; the horizontal scale is 500 mV per
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Figure 1.
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division for the forward characteristic and 20 V per division for the reverse
characteristic. Thus, the turn-on voltage {s in the range of 700 mV - 1V, and
the breakdown voltage is approximately 50 V.

The I-V characteristic was measured over a temperature range of -20°¢C to
25°C. The device was placed in an enclosed chamber where moisture was removed

by CaCl,, and the temperature was controlled by a Melcor thermoelectric

2
heating/cooling chip. The log I vs. V curve was then plotted (Fig. 2).

The C-V characteristic was measured at room temperature with a Boonton
capacitance meter at 1MHz. It was found that the built-in potential (VD)
ranged from ~.15 to .13 V, and the doping concentration was 5.5 x 1014
carriers/cma.

The forward current-voltage characteristics in Fig. 2 form essentially
parallel curves with slopes that are independent of temperature for four
decades of current, demonstrating nearly ideal tunneling behavior. It should
be pointed out that an ingot of 99.9992 pure silicon 1is used as the
evaporation source, and no impurities are intentionally introduced. Under the
same conditions, a-Si films deposited on an n-Si substrate with a thickness
greater than 300 & show high resistivity. The composition of the interfacial
a-S1{ is analyzed using Auger electron spectroscopy. The Auger data were
obtained on samples before the aluminum deposition. A typical Auger spectrum
taken after sputter removal of about half the film thickness is shown in
Fig. 3. 1Ion milling was accomplished with 2 KeV argon ion with a current of
25 mA. The spectrum reveals that the major impurities in the amorphous Si
layer are oxygen, carbon and Al. The depth profile of the film composition is
shown in Fig. 4. Estimating from the elemental sensitivity factors, we find

that the amorphous layer contains almost equal amounts of carbon and oxygen

(about 20 at Z). At the present, it is not clear to what extent that carbon
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silicon layer.

3 the diffusion length of the minority carriers.

Grant ECS-82-~-17677.

(1) L. Esaki, Phys. Rev. 109, 603 (1958).
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B oxygen or aluminum affecting the electronic properties of the amorphous

the a~-Si and reach the metal. This constitutes the forward current.

We have described a new tunnel diode that differs from previously

reported tunneling structures. A low—-temperature proceés is used to

produced in integrated form. Because of the difficulties in producing

fabrication process for this new tunneling structure.

- —

PO ST R LNy

Under forward bias, electrons in the substrate n-Si may tunnel through

Under

reverse bias the electrons in the metal cannot tunnel through the a-Si since
there are no available states in the forbidden gap of the silicon substrate.
There is, however, a small minority-carrier current due to hole transport in
the unimpeded valence band. The reverse minority carrier current is diffusion

limited, and its magnitude depends on the substrate doping concentration and

demonstrate the ease of fabrication, and it should be amenable to being
ultra-thin a~-Si films, it is probably not suitable as a production technique.

Among existing technology, molecular-beam epitaxy would be a more suitable

*This research was also supported by the National Science Foundation under

(2) W. E. Dahlke and S. M. Sze, Solid-State Electronics 10, 865 (1967).
(3) L. L. Chang, P. J. Stiles and L. Esaki, Je Appla Phys' ﬁ, 6660 (1967)0

(4) H. C. Card and E. H. Rhoderick, J. Phys. D. Appl. Phys. 4, 1589 (1971).
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Ge. PHOTON-ASSISTED DRY ETCHING OF GaAs

(Peter Brewer, R. M. Osgood, Jr.)

(JSEP work unit 5, 1982-1985)

(Principal Investigator: R. M. Osgood, Jr. (212) 280-4462)

Pulsed, laser-initiated chemistry is being used for a number of new
approaches to planar, dry processing of thin films. These include etching,
deposition, and doping. Each of these techniques 1s generally based on
gas-phase reactants and some combination of photon or thermally driven

(1)

chemistry. The advantages of laser-initiated dry processing over
conventional techniques are that material processing is typically performed
under lower temperatures, with no electrical damage due to ions and in a well
defined chemical environment. In the first experiments on pulsed laser

etching, CO, infrared lasers were used to effect multiphoton dissociation of

(2)

2

freons and ha:lide-bearing gases to etch Si0, and Si. Due to the adoption

2
of conventional dry processing techniques as standard by the industry for Si

and 8102, the greatest impact of these studies will be in the understanding of
the mechanism of dry etching reactions. In the case of newer materials, such
as GaAs, InP and other more novel semiconductors, dry-laser-processing has a

better potential of implementation by the industry because no one technique is
employed. In this report, we describe the use of a pulsed excimer laaer,(3)
ArF at 193 nm, for the gas-phase etching of both masked and maskless GaAs
substrates. One advantage of the excimer laser source lies in the fact4that

with the use of UV irradiation only a single photon is required to dissociate
many molecular species. It can, therefore, in principle, produce a single set

of reactants in gpecific electronic states, thus simplifying the etching

chemistry. Previously, UV-laser~assisted etching of GaAs has been done with a
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(4)

low-power, cw UV-laser, an approach which is suitable for direct-writing
micrometer-scale surface features. The excimer laser allows for large-area

etching due to its relatively high pulse energies and high average powers.

Experimental
The experimental set-up used a repetitively-pulsed (10-50 Hz) ArF laser

at 193 nm and XeF laser at 351 nm. The laser output i1s focused with a 200-mm~
focal-length lens into a stainless-steel, 4-window cross cell which houses the
GaAs substrates. The cell is positioned on a precision swivel mount which
allows for different substrate~laser beam configurations. The GaAs substrates
are fixed to a nickel-plated, copper holder which can be resistively heated
from 23° - 150°C. Ga and As populations were detected in the gas phase by
laser~induced fluorescence filtered through a 3/4 meter monochromator. The
GaAs substrates were commercially polished and had etch pit densities

< 900/cm2. Several orientations were explored: n-~GaAs (100), n~GaAs(1l1ll) A

and B, and p~GaAs (100). The samples were cleaned by a standard chemical
" (5

washing procedure and dried with nitrogen before each experiment. Etch
depths and etch rates were meagsured by means of a mechanical stylus and the
etching morphology was studied by scanning electron microscopy. |

Two types of experiments were performed with respect to the %

laser—-substrate configuration, positioning in the parallel (indirect) and the

perpendicular (direct) orientations. These orientations give rise to

interactions involving purely photochemical gas-phase photodissociation and
combined surface- and gas-phase UV~initiated chemistry, respectively. In
general, the etching reactions initiated by the direct laser-substrate .
orientation proved to be more useful in measuring etching rates because of the

localized etched features which could be obtained. The indirect orientation
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was employed mostly for chemical mechanistic studies because the laser then
serves only to produce reactive gas-phase radicals. In both cases, the GaAs I
substrates were heated to aid in removal of gas-surface products. The gases

used in these studies were CF3Br, CH3Br and HBr. In the cases of CF,Br, and

3

Cﬂ3Br questions of etch rate, anisotropic etching, temperature effects and |

chemical reaction mechanisms are addressed. For HBr, mainly etching rate and

-etching anisotropy will be discussed.

Dry Laser-Etching: CF,Br and CH,Br Results

As shown in Table I, both methyl and trifluoromethyl bromides were used

as parent gases; the most studied gas was CF3Br. The interaction of a 193 nm

photon with a CF3Br or CH3Br molecule leads to fragmentation into CF, or CH

3 2)
and Br radicals in specific quantum states as noted in Table I.(6)’(7) The Br
atoms in the photodissociation of CF3Br are formed in nearly equal populations
in the spin-orbit excited ZPI/Z and the ground 2P3/2 states.(6) Whereas in
the case of CH3Br, the Br radicals are all produced in the ground 2P3/2
state.(6) The CF3 and the Cﬂ3 radicals are produced in excited vibrational

states. Based on recently measured vibrational relaxation times the radicals

produced within ~0.5 mm from the surface remain activated until they collide H

with the GaAs surface.

Direct illumination of the GaAs substrates in the presence of several
Torr of CF3Br produces an etching reaction confined to the spot illuminated on
the surface. In this orientation, a weakly focused beam is positioned so as
to illuminate only a portion of the GaAs substrate, with typical energy
> densities < 35 mJ/ca’. The localized etching 1s due to several sources
| including laser-initiated surface reactions, and laser-enhanced desorption of

gas-surface products. The etch rate for CF3Br as a function of laser energy
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TABLE T

Parent gases used in UV-laser initiated dry etching of GaAs and parent

gas photochemistry at 193 am.

Parent Gas Photofragments
193 nm
CF3Br ——————— CF3(V) + Br
CF3(v) + Br*
193 nm
CH3Br ————— CH3(V) + Br

Physical properties of etching reaction products of GaAs with CF3Br and

CH3Br.

Etching Gas: CH3Br

Arsenic Products M.P./B.P.

o
AB(CH3)3 =/70°C

o
AB(CH3)ZBr -/51°¢C

o
As(CH3)Br2 -/89°C
AsBr, 32/221°%

Etching Gas: CF3Br
Arsenic Products M.P./B.P.

o
As(CF3)3 -/33°¢C
(o]
As(CF3)23r -/59.5°C
Q
As(CF3)Br2 -/118°¢C
AsBr, 32/221°%
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Etching Gas: CH3Br
Gallium Products M.P./B.P.

Ga(CH3)3
Ga(CH3)28r
Ga(CH3)Br2

GaBr3

Etching Gas: CF38r
Gallium Products M.P./B.P.

Ga(CF3)3

Ga(CF,).Br

3)2
Ga(CF3)Br2

Ga8r3

E(AVL)

79.3 kCal/mole
68.8 kCal/mole

79.5 kCal/mole

T T

-/55.7°%
-/58.5°%
_/_
121/278°¢C

121/278°C




density, which is shown in Fig. 1, can be separated into two regions. At high
energy densities > 35 mJ/cmz, physical ablation and laser-enhanced desorption
due to local heating are the primary mechanisms of etching. In this region,
the surface morphology is rough and the material damaged as earlier reported
for ablative etching.(a)’(g) For intermediate energy densities, ~35 mJ/cmz,
the etching rate in the presence of 5 Torr of CF3Br was found to be at least
100 times the ablation rate, obtained with no CF3Br in the sample cell. 1In
the low-energy density region, the etching is driven by laser-photochemically
initiated reactions.

In the experiments with direct illumination, patterning was demonstrated
both by exposing a masked substrate to the photofragments and by projecting a
masked excimer beam on the substrate. The first patterning technique employed
the writing of an SiO2 pattern from a spin~on liquid organosilicate with a

(10)

focused, Af+, cw laser. The surface morphology of the unmasked portion
after etching 1s smooth and flat for the case of (100) crystal surface
orientation (Fig. 2a); the (111) crystal surface (Fig. 2b) is also flat with
minor surface roughness, apparently due to anisotropic etching. The
resolution of the etching with GaAs (111)B substrates, see Fig. 2b, is below
200 nm with edge definition on the order of + 100 %. The resolution observed
is cleatly-limited by the masking resolution. The sidewalls of the etched
microstructures are nearly vertical ~80° and follow the submicrometer
roughness in the mask pattern exactly.

The second patterning technique used projection of a masked excimer laser
beam. The mask was a pinhole grid with & hole width of 10 ym. Features down
to the resolution of the pinholes were obtained with good image reproduction.

By measuring the etch rate for different GaAs orientations with CF3Br, it

was found that the etching process was preferential. For the three crystal

65

e a

v5 NPT




*0 09 031 paledy 93vaIsqns Iyl mu«? pa33o1d 81 (24 9) L3y8uap aomod
138e] JO uoyIOUNy ® se ag- gy £q (001) sves jo ajexa Bupyols Yl °1 [anly4

(WI/fW) ALISNIQ ¥3IMOJ YISV
OOL 08 09 O 02 O

] T T T I T | T _XJO

% g m
: —
X {0 2
. z
X @
180 o
>
- —
X m
421 &=
3
T ~
3
191l >

X 10°¢




Figure 2 (a)

Figure 2(a). A scanning electron micrograph (SEM) of the laser etched GaAs
(100) surface; note the smooth surface morphology. The SiO
direct mask writing procedure leaves the rough edge on the masked
surface.
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Figure 2- (b)
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Figure 2(b). SEM of a UV-laser dry etched sample of GaAs (111)B, showing
resolution of 200 nm.
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orientations, (111)B, (100), and (111)A, the typical etching-rate racios
observed were 3:2:1, respectively.

It is important to determine whether simple laser heating of the surface,
with subsequent thermally assisted reactions, could be responsible for the
enhanced-etching phenomena observed in the direct—-laser-substrate orientation.
To determine whether the etching reaction results simply from thermochemistry
on the laser-heated surface, we used a second excimer-laser wavelength. In
particular, the 351-nm XeF-excimer laser was used, which has similar output
characteristics to the ArF laser. However, it does not photodissociate the
parent-gas-molecules but does produce the same surface heating. With this
laser no etching reactions were observed, showing the etching reactions at
i”3 nm are photochemically initiated. . {

In order to gain further insight into the details of the etching reac-
tions between the gas-phase photodissociation products and the GaAs sub-
strates, the indirect laser-substrate orientation was employed to eliminate
laser-surface interactions. Despite the rather simple reactants involved,
there are many possible chemical pathways leading to as many as eight etching
products. These are listed in Table I for both CF,Br and CH

3 3
4
some assoclated physical data.‘ls) At room temperature, the GaAs etching

Br, along with

products observed after 193-nm laser irradiation of 1 Torr of either CH,Br or

3
CF33r appear in two forms: a clear, multicomponent liquid with B.P. > 50°¢

and a multicomponent gas. Based on the components with the highest volatility
in Table I, the most likely gaseous products are those Ga and As compounds
containing at least one methyl or triflouromethyl group.

The incorporation of CH3 or CF3 radicals in the etching products is
further supported by LIF spectral measurements. In these experiments, we

measured the 417.2-nm Ga fluorescence first in a roomtemperature cell
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containing a saturated pressure of GaBr3 vapor and then in a cell containing

Lt - iy

the reaction products from etching GaAs with CF3Br. The LIF signal was

observed to be 3x higher in the cell containing the etching products than in
the cell containing the GaBr3 vapor. In terms of the known reactivities of

Ga(s) and As(s) with gas-phase radicals, both alkyl (CH3 and CF3) radical
(7),(12)

reactions have been reported.

On the other hand, it has been previously reported that gas-phase Br

(13) Since

radicals, from Brz, react with GaAs in a plasma discharge etcher.
the products with the least volatility in our experiment are the fully
brominated metal salts, we would expect to find them concentrated in the
liquid product, which is present on the unheated sample. In fact, both GaBr3
and AsBr3 were observed when this liquid was studied with mass spectroscopy.
In practical etching applications, the liquid-layer product will limit the

etching rate and load the surface with impurities. However, in our

experiments this problem was circumvented by mild substrate heating to < 60°c.

I ———

We have shown that the etch rate of GaAs increases exponentially with
temperature. The predominate mechanism of this dependence could be a result |
of either thermal desorption of nonvolatile etching products,(a)’(g) leading
to open reaction sites, or thermal-enhanced reactions of the photofragments
with the GaAs surface. To distinguish between these two mechanisms, the j

temperature of the GaAs substrate was kept at a fixed temperature (~30°C)

during the indirect laser-substrate etching process and then increased by 50°¢
while the excimer-laser beam was blocked (to avoid further photochemical
production of reactants). After the temperature was reached the beam was f
unblocked and instantaneously the recorded Ga and As populations, as measured
by‘the LIF probe, increased by an order of magnitude (x10). This indicates

that the increase of the substrate temperature most dramatically effects those
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products already formed on the GaAs. A similar experiment was performed
without increasing the temperature of the GaAs substrate; in this case, no
population change occurred. By using the above LIF detection scheme and
slowly incrementing the temperature of the GaAs substrate, the overall

Br and CF,Br were

3 3
found to be 13.0 and 10.5 kCal/mole, respectively. These results show that

temperature dependence of the Ga-etching products of CH
the predominate mechanism of the increase in etching rate with temperature is
the thermal desorption of nonvolatile etching products which block reactive

surface sites.

HBr Etching Gas Results

In order to further our investigation of photochemically-initiated dry
etching of GaAs, we studied the HBr etching gas at the ArF laser wavelength.
Several advantages exist for HBr as a candidate for dry-etching processes,
namely: 1) a single GaAs-reactive radical is produced at 193 nm, viz. Br,

2) a high quantum yield and a high dissociation cross section at 193 am and,
3) a high bond (~3.73 eV), thermodynamically favoring a low dark etch rate.
An additional aspect of isolating Br atom etching reactions is that selective

(14) Recently feported

crystallographic etching is known to occur.
experiments using low-energy Br2 plasmas(la) have shown etching rates of
greater than 30 um/min with selective anisotropic etching.

The primary photochemical processes of HBr at 193 mm are the production
of ground-state Br and spin-orbit excited-state Br* atoms. H atoms produced
(16)

in the ground state are thought to be unreactive with the GaAs surface.

HBr ---> H+ Br (2p,,.) 85%

3/2
2
R * 5
HBr > H + Br* ( P1/2) 152
The etch rate for GaAs (100) in the presence of 500 mTorr of HBr as a

function of laser power density is shown in Fig. 3. Etch rates were
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determined after a l-min exposure from masked samples under direct laser-
substrate configurations. Etching rates appear to be linear with time. Since
the dark etching rate at zero laser power is below 0.0l im/hr the maximum
light:dark ratio observed is ~50,000:1. The etch rate data is limited to
laser energy densities below 35 nJ/cmz because above this value laser-ablative

effects become important (see previous CP3Br discussion).

The temperature dependence of the etch rate in Fig. 3 reflects the
importance of surface reaction product removal. Using two temperatures (23°C
and 60°C), it is observed that the etch rate increases with temperature. The
cause of this increase is due to the volatization of the surface products at
the higher temperature. At the lower temperature, a film forms over the
substrate blocking reactive surface sites.(la) However, at both temperatures

mirror-like surfaces are obtained.

Crystallographic Effects

Selective crystallographic etching is exhibited by the photodissociation !
products of HBr with GaAs. The cause of this highly anisotropic etching is
the chemical reactivity of gas-phase Br atoms with specific crystal planes of |
the GaAs substrate. By using crystallographic masking techniques, the J
availability of certain crystal planes is limited. Studies were performed b}
masking GaAs (100) and (111)B samples normal and 45 degrees to Fhe {110}
cleavage planes. Samples were masked with straight-line photoresisg patterns
(~25 um wide).(ls) Etching features were examined at one minute intervals to
study the development of the crystal facets. All experimental conditions were
as follows: sample temperature 60°C, HBr pressure 500 mTorr, and excimer laser
pover 30 mJ/cm® at 30 Hz. FPor GaAs (100) with masks oriented along the {110}

planes, crystal facets develop at 45° to the <100> direction. Etching of
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these planes, which are identified as the (111)A planes (see Fig. 4),
self-terminate after ~7 mins to form v-grooves (see Fig. 5). On the other
hand, by masking the GaAs (100) at 45° to the {110} cleavage planes (i.e.
along the <100> direction), crystal facets also develop at 45° with é
substantial undercutting. These etched facets are identified as the (110) 'i
crystal planes. After 3-5 min of etching reverse-mesa structures are i
resolved. These mesas form because of two orthogonal (110) planes being
present (Fig. 5). For GaAs (1l11)B samples, masks were oriented only 45° to
the {110} cleavage planes. Crystal planes of the (100) family develop at 45°
to the <111> direction.
The shapes ir the preceeding discussion are explained as follows: the low
order crystal planes etch with Br atoms in the order of (111)B > (100) ~(110)
> (111)A. Therefore when the (111)A planes are present in a particular
masking orientation they are etched. For example, in masking orientations
along the {110} cleavage planes of GaAs (100) substrates, the (ll11)A planes
are present at 45° to the <100> direction and thus explain the observed
crystal faceting (Fig. 5). On the other hand, on masking GaAs (100) at 45°
to the {110} plane, only (110) and (100) planes are present. In this case,
the (110) planes develop with extreme undercutting along the <100> direction,

since both the (110) and the (100) planes etch at similar rates. The HBr

crystallographic etching produces sharp edges and flat bottoms in all

orientations studied.

Conclusion
In summary, we have demonstrated the utility of UV-laser photochemistry
for large-area, dry-etching of GaAs using a variety of bromide derivatives.

Etching rates were found to be typically 8.2 ym/min for HBr and 0.5 ym/min for




Figure 4. (Top) A SEM of selective crystallographic HBr laser-etching of GaAs
(100). Exposed 45 planes are identified as (111)A. (Bottom) A SEM 1

of v-groove structures formed by self-terminated etched (111)A :
planes.
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Figure 5. A reverse-mesa microstructure formed on GaAs (100) by intersecting
(110) etched planes.
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CH3Br and CF3Br. The etching process for HBr results in high anisotropy
caused by Br reactions with specific planes of GaAs. Etch rates of the order

(111)B > (100) ~ (110) > (111)A explain the crystallographic etching. CH

ghe

and CF3Br also exhibit anisotropy but steeper side wall structures are
observed. Smooth, minor like walls and surfaces are observed after etching.
Chemically, the etching species are consistent with a combination of the CF3

or CH3 and Br radicals.
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H. PHYSICS OF LASER SURFACE INTERACTIONS*

(B. Gilgen, J. Chen, D. Podlesnik, R. M. Osgood, Jr.)

(JSEP work unit 5, 1982-1985)

(Principal Investigator: R. M. Osgood, Jr. (212) 280-4462)

During the last year, we have actively pursued investigation of laser
surface interactions for various new types of microfabrication for solid state
electronics. As a result of this effort our laboratory has been the first to
demonstrate the following microfabrication milestones:

(1) Direct holographic etching of 100-nm-spacing diffraction gratings in
GaAs

(2) Direct writing of ultrahigh aspect ratio features on GaAs wafers,
including a l-um-diameter via through a 100-um thick wafer.

(3) Laser~enhanced plasma etching of semiconducting materials.

(4) Ultrarapid (1 um/min) anisotropic~dry etching of GaAs.

In doing the above work, we have been guided by a series of companion
investigations into the basic-physics of laser surface interactions. Since
much of the physical domain of these interactions is unexplored, i.e. the
submicrometer reaction zones, heterogeneous photochemistry, metal alkyl
molecular structure, we have uncovered several unexpected new phenomena.
While the work has generally been motivated by needs in microelectronic
processing, the understanding of these phenomena has implications in other
fields such as metallorganic chemical vapor deposition, heterogeneous
catalysis, and micromachining. In particular during this year, we have
concentrated on three topics; a) ultraviolet photochemistry of relatively,
simple organic molecules, b) surface enhancement of interface photochemical
reactions using ordered surface mirrostructures, and c¢) ultraviolet radiation

induced reactions in liquid solutions.
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A. Ultraviolet Photochemistry of Simple Polyatomic Metallorganic Molecules

Photodissociation of dimethylzinc, dimethylcadmium and dimethylmercury is
of interest for both fundamental and applied reasons. From the applied point
of view, the first demonstration of the "direct writing technique" for
microelectronics was based on the photodissociation of dimethylcadmium or
dimethylzinc by a UV laser beam focused on the surface of the semiconductor
substrate., Despite this interest there is only very limited knowledge of the
excited electronic states of metal alkyls. The only measurements of the TV
absorption spectra of dimethylzinc, dimethylcadmium and dimethylmercury were
two photographic studies reported in the 1930°s. Because of the paucity of
experimental data, no theoretical analysis of the excited electronic states of
these molecules has been made.

A new series of measurements of the UV absorption spectra of
dimethylzinc, dimethylcadmium and dimethylmercury have been made. The spectra
were measured from 30,000 cm'-1 to 57,000 <:m_1 for various gas temperatures and
pressures. For each of the above organometallics, we have observed structured
continua with clear and regular progressions of vibrational peaks. These
spectra have enabled us to develop a model which clarifies the photodissocia-
tion process of these organometallics in their lower-two excited electronic
states. In this model, the vibrational peaks result from direct but
asymmetric photodissociation.

We have recently developed an analytic theory which allows us to make a
quantitative comparison of the calculated envelope with the observed spectra.
It is important to note that prior to the development of this analytic theory
no accessable theory existed for explaining the structure which exists on the
bound-free spectra of many simple important polyatomic molecules. Such

structure plays an important role in modulating and determining the precise
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value of photodissociation cross sections for ultrviolet photodissociation.

B. Surface-Enhanced Photochemical Reactions

In our previous year's report, we described the direct observation of
surface-enhanced photochemistry. This work was done using isolated small
metallic spheres covered with a metallorganic film and then irradiated with UV
light. The results showed that enhanced photochemistry occurs near the
particles due to a plasma resonance within the spheres. As a result of the
microscopic anisotropy in the optical electric fields, the spherical particles
glowly grow into ellipsoids during photodissociation of the adsorbed
metallorganic film. Particles of this shape are of greater practical value
for composit dielectric materials with selective-absorption in the infrared.

In our report this year, we discuss our observation of enhanced
photochemistry in a coherent array of metal microstructures, viz. metal {
diffraction gratings. In principle such a phased array can form a greatly l
enhanced near optical field than in the case of individual particles.

The experiments to investigate photodeposition on metal gratings were
accomplished with a 3-5 mW, frequency~doubled, argon-ion laser. This laser
has sufficiently short wavelength to photodigsociate the metal-alkyl carrier

gas, (dimethylcadmium) used here, and, further, it has a useful temporal

coherence length, ~20 cm. The laser beam was split and mixed on the rear

i

surface of a quartz flat mounted on a sample-cell containing dimethylcadmium
gas. The angle between the two lager beams could be adjusted so as to examine
different grating spacings.

With our experimental setup, we readily obtained submicrometer
diffraction gratings. In general, the best results were obtained when the

sample cell, which contained 10 Torr of DMCd and 80 Torr of buffer gas, was
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cooled to 15°C. At these temperatures physisorbed molecular layers are thick
and the contribution from gas~phase photodissociation is minimized. Since the
interfering UV beams enter the cell from glass with index n = 1.43, the

minimum fringe spacing is
A

dmin " 7n sind
max

where emax'is the maximum angle which we could readily obtain, ~80°. In fact,
gratings with periods as small as 300 nm were readily made. Grating formation
by photodeposition allows direct optical monitoring of the deposition by a
noninvasive optical probe; in our case an He:Ne laser was used. The probe is
used by observing the minus-first-order diffracted light from the metal
grating. For small modulation depths, the intensity of the diffracted light
is proportional to h, i.e., to the amplitude of the grating ripple. Thus, the
grating growth rate can be monitored through the rate of increase in the
diffracted intensity.

These measurements have shown clearly one of the most striking phenomena
associated with optical growth of diffraction gratings. As the angle of
interference is varied, sharp resonances are observed in the grating growth
rates, see Fig. 1. These resonances are the result of enhanced coupling of
light into surface confined waves within the metal film. The resonances occur
when the grating spacing, d, is8 equal to an odd multiple of half wavelengths
of the surface wave which exists at the frequency of the incident optical
electric field, that 1is, when

e | -1 A
1 S
d = (2mt+l) - >

1
where m is an integer, el is the real part of the metal dielectric constant,

and A' is the wavelength of the ultraviolet light in the quartz window. At
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the spacing of each resonance, the angle of one of the diffracted orders is
such that the wavevector of the light is just parallel or along the surface of

the metal. Thus, each resonance represents a spacing such that the amplitude

of the surface~plasma-wave intensity is maximized. Since the local electric
field, including incident and scattered waves, determines the rate of grating
growth, the deposition 1is fastest at resonance spacings.

As seen in Fig. 1 the grating growth rate can be increased by as much as b |
a factor of 8 at resonance compared to that for off resonance. For the laser
powers and grating areas considered here, this means that relatively dense
metallic gratings can easily be grown at resonance spacings whereas only very

thin structures can be obtained at intermediate values.

C. UV Driven Liquid Phase Reactions .
We have recently performed a series of experiments in which we have used,
deep-ultraviolet laser light for fast, maskless wet etching of GaAs, including i
n, p, and semiinsulating (SI) substrates with (100) orientation. For all
doping types, the etch rates, at low laser intensities, were higher in the

deep-ultraviolet than in the visible. This rapid, room-temperature etching

process has enabled us to etch, for example, micrometer-scale via-~holes with
perfectly vertical walls, through a standard GaAs wafer. We attribute the
rapid etching rates to the new interfacial chemistry which occurs when deep-UV
radiation illuminates a semiconductor surface in an aqueous solution.

The difference in UV and visible light etching is best shown by the
etch-rate enhancement in the‘'low-intensity region of Fig. 2. This difference
cannot be explained simply by the fact that more minority carriers are created
close to the surface under UV than under visible illumination. It is known

that for n~type GaAs the photogenerated holes are driven to the surface by the
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electric field, which is due to the band bending in the semiconductor. For

18

the doping levels used here, ~ 10 cm.3, the electric~field-region depth is

estimated to be ~30 mm. A comparison with the light-penetration in GaAs, the

total volumetric hole production per unit incident laser intensity is smaller
than in the visible. Thus, for equal laser intensities, approximately the
same number of holes will reach the surface, for both visible and UV l
illumination. !

The observations at low laser intensities suggest that the basic
interface chemistry is changed under UV-illumination. For example, the
observed chemical activation of water requires injection of holes from GaAs to
the H20/O2 redox level. This level is located 0.3 - 0.5 eV below the top of
the GaAs valence band. Thermalized holes in the valence band are not able to
access this redox level or to activate the reaction; thus, we require hot,
nonthermalized holes at the GaAs water interface to obtain this particular
chemical reaction. In fact, previous experiments have shown that hot
electrons are active in promoting surface chemical reactions. 1t is
reasonable therefore, that the hot holes, excited in GaAs will cause the
oxidation reaction observed here.

In GaAs crystals, the visible light photons are absorbed by the electron

transitions in the center of the Brillouin zone and the excess photoenergy is

transfered to electrons only; further, most carriers are created deep in the
semiconductor and thus, energy relaxation occurs during diffusion to the
surface. However, the 257-mm photons induce a transition at the X-edge of the

Brillouin zone and the UV-generated holes are created deep, viz 2.5 eV, below

the top of the valence band. Since these holes are produced within 5 nm from
the 1liquid~solid interface, energy relaxation is incomplete for carriers

reaching the surface. Using a physical model and rate data available for hot
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electrons in GaAs, we conservatively estimate that the energy relaxation time
for holes in our experiment is 10-123. This is considerably longer than the
transit time, S 10-133, through the laser illuminated layer on the GaAs
surface. This estimation predicts, that most of the photoexcited holes would
reach the solid-liquid interface with enough excess—energy to access, for

example, the 820/02 redox level. A more accurate calculation will need a

detailed model for the recombination and transport of UV-generated carriers.

*This research was also supported by the Air Force Office of Scientific
Research/DARPA under Grant F-49620-82-K-0080 and Army Research Office under

Contract DAAG29-82-K-0089.
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I. PHOTOCHEMICAL RECORDING OF PHASE DIFFRACTION GRATINGS ON
SEMICONDUCTOR SURFACES*

{D. Podlesnik, H. Gilgen, R. M. Osgood, Jr.)

(JSEP work unit 5, 1982-1985)

(Principal Investigator: R. M. Osgood, Jr. (212) 280-4462)

Chemical etching of semiconductors is an important processing step in
semiconductor technology. Among the different methods of the chemical
etching, the light-sensitive etching is of significant importance. This
method is based on the light-induced variation of the minority-carrier
concentration on the semiconductor surface. Typically, the photogenerated
minority carriers induce or accelerate the etching, thus enabling the
recording of a given light pattern on the semiconductor surface. It has been
previously shown that light-enhanced, wet etching is a simple and comvenient
method for fabrication of, for example, semiconductor gratings with spacings,
from the hundred micrometer to the micrometer range. In general, versatility
and simplicity of the maskless chemical etching favor its use over
conventional lithographic techniques.

In many light-sensitive chemical processes, including the semiconductor
etching, a coherent light source is preferred or even necessary. For example,
the laser spatial coherence permits submicrometer focusing of the laser beam
thus allowing a high-resolution, localized etching. Also, the temporal
coherence of the laser source is important, for example, for recording optical
information, viz for producing holograms.

In this report, we describe the ultra-high resolution profiling of GaAs
crystals by using the light-sensitive, chemical etching. In this processing,
two laser beams are interfered to produce the simplest hologram, namely phase
diffraction gratings, across the semiconductor surface. These optical

gratings had periods between 100 and 300 nm, and controllable and reprocucible
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optical properties. In addition, a variety of groove profiles, including
blazed, sinusoidal, and "impulse” shape, can be made under different
fabrication conditions. These gratings are potentially important for
single~wavelength, distributed-~feedback lasers and for couplers in integrated
optics. A novel agpect of this direct fabrication technique is that the
gratings can be optically monitored during fabrication which, in turn, allows
for precise control over the grating depth and groove profiles. Further,
because our gratings have very high resolution, the process of grating
fabrication becomes a method for studying the micrometer-scale physical
processes which influence the grating structure and growth, Fig. 1. These
processes may involve, for example, the diffusion of excited species or the
magnification of the optical fields at the grating surface.

The experimental arrangement used is simple, mechanically stable and
is readily adjusted to obtain a wide range of grating spacings (see insert,
Fig. 1). A laser beam from a moderate-power argon-ion laser passes through a
spatial filter and a collimator before impinging on a right-angle corner. The
corner, on which a mirror and a semiconductor sample are mounted, is inside an
: H,50, : H

207 ¢ B850, + Hy
interference pattern is produced by the superposition of the direct and the

optical cell containing an H O etching solution. An

reflected beams inside the solution, which has an index of refraction greater
than one, approximately 1.33, due to the high water content. The dissolution
of GaAs in this solution is influenced by the number of carriers present at
the semiconductor surface. For n-type GaAs, photogenerated holes accelerate
the etching rate thus forming a photoengraved pattern in the solid surface.
Detailed groove profiles were measured with a scanning electron microscope
(SEM). The argon~ion laser was operated in one of two lines: 514.5, or

457.9 nm. The maximum laser intensity was 700 nW/cmz; however, 300 mW/cmz was
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E
E
? the typical intensity used in the experiments. !
: In general, the profile of the grating grooves depends on the details of
i the carrier movement within the semiconductor, the relative magnitude of the
: dark versus light-enhanced etching rate, and the anisotropy in the etching
E. t process. We investigated the profiles of gratings on n—-type GaAs for several
;6 & different crystal orientations using different spacings and etching solutions.
1 For the dilute 1:1:100 solution used in the experiments, we found that crystal
| ! orientation did not influence the grating profiles and etch rates. Generally,
E gratings with spacings >1 um had a sinusoidal profile (see Fig. 3a), which is

to be expected for a linear dependency between etching rate and light

distribution on the surface. On the other hand, submicrometer gratings showed

a deviation from simple sinusoidal profile; typically a cusped profile was

observed. Figure 2 shows the development of characteristic groove-profile for

a 300-nm grating. This deviation cannot be explained by a simple theory based

on an 1isotropic diffusion of the holes at the semiconductor surface. Local T

variations in the hole drift due to photoinduced electric fields, both normal
| ] and transverse to the surface and the interference patterns, give rise to

higher order components in the groove profile, as shown in Fig. 2.

Because of practical importance of blazed gratings, we have developed a
simple technique for their fabrication. The approach was to tilt the semi-
conductor substrate so that the bisector of the angle of the interference was
at an angle with respect to the surface normal. This tilting was accomplished
by mounting the substrate on a non-right-angle corner; the deviation from 90°

- represents the blazed angle. The tilting of the substrate in conjunction with
the continuous dark etching, which progresses normal to the surface, produces
i i a clear, blazed profile, as shown in Fig. 3b. The profile can be triangular

or cusped depending on the relative magnitude of the uniform and ]
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Figure 2.

SEM micrographs of the groove-profile for 300-nm gratings on GaAs
after different etching times in the 1:1:100 solution. The etching
time was (a) 1 min, (b) 2 min, and (¢) 3 min.
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Figure 3.

“400NM 40KV
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